release and transport of sediments, flocculate the suspended sediment, increases infiltration (Norton et al., 1993; Lentz et al., 2001; Leib et al. 2005) and is a non-toxic product whose by mechanical interaction degrades into CO2, water and nitrogen. The PAM is a water soluble polymer with the ability to enhance soil stabilization. It is grouped in a class of compounds formed by polymerization of acrylamide (Lentz et al., 2001) . Pure PAM is a homopolymer of identical units to that of acrylamide. The molecular weight gain increases the length of the polymer chain and consequently the viscosity of the PAM solution. It is currently used in the construction and agriculture, as a soil conditioner it on the anionic polymer of high molecular weight (10 -20 mg mol -1 ), whose structure is shown in Figure 1 . The mechanism responsible for reducing runoff and soil loss, and therefore the final increase in infiltration is related to the ionic strength of the PAM in the soil solution (Norton et al., 1993; Santos et al., 2000) . Therefore, in the soil solution decreased clay dispersion and flocculation aid, according to the theory of diffuse double layer (Van Olphen, 1977) . The diffuse double layer is compressed to the surface of clay when the electrolyte concentration is increased and decreases the separation of clay particles. Due to compression of the double layer, the range of the repulsive forces is greatly reduced (Van Olphen, 1977) , thereby promoting flocculation. Several studies have shown that PAM dissolved in irrigation water at a rate of 10 kg ha -1 improves water infiltration (Leib et al., 2005; Chávez et al., 2010) and may be increased from 7 to 8 times the final infiltration as compared with the control (Ajwa & Trout, 2006) . However, at rate of 20 kg ha -1 applied in granular was this has proven to be effective in controlling erosion (Lentz & Sojka, 2000; Chávez et al., 2009) , if applied in the first 5 mm of soil, it will reduce runoff by up to 30% as compared with the control plot (Yu et al., 2003) , and may be increased by up to 54% of the aggregates stability (Lentz et al., 2001; Shrestha et al., 2006) . According to Leib et al. (2005) polyacrylamide application prior to irrigation control the erosion caused by concentrated flow in furrow irrigation systems, reducing soil detachment caused by hydraulic shear stresses. Wetting fronts are broader and infiltration is higher in the rows treated with polyacrylamide as compared with those that are untreated (Yu et al., 2003) . The use of PAM as alternative practice of soil conservation has been repeatedly proven to be an effective and viable (Bjorneberg et al., 2000; Santos et al., 2000; Lentz et al., 2001; Yu et al., 2003; Kornecki et al. 2005; Shrestha et al., 2006; Chávez, 2007; Chavez et al., 2009 ). However, this effectiveness depends on the type and charge density and molecular weight (Green et al., 2001) . PAM with high molecular weight and low concentrations in the irrigation water has given better results for erosion control (Lentz & Sojka, 2000; Bjorneberg et al., 2003; Shrestha et al., 2006; Chávez, 2007; Chavez et al., 2009) . The application of PAM to soil is a viable way to control erosion, however, there are no current studies comparing the methods of implementation; therefore, the aim of this study was to evaluate three forms of application of PAM in a groove to find the one that is most effective in controlling soil erosion caused by concentrated flows, using a rate of 20 kg ha -1 .
Theory
Soil erosion process is associated with the action of two forces: hydraulics and resistance: the first break and remove the particles and carry them through the channels and the second, due to electrochemical nature, somehow prevents the detachment. The shear stress acting on the bottom of a river or channel, or on the soil surface, is one of the most significant variables of hydraulic power. Calculation of this is derived from the momentum equation for uniform flow in an open channel (Chow et al., 1988) . Rill erosion is a phenomenon that involves the detachment of soil particles and transports them due to the drag force of flowing water. The deposit of sediment is the result of the previous two phases, which are hauled through the grooves and led to the boundaries of the land, bringing with it problems of sedimentation in drainable networks, which are then translated into economic losses for users because the rehabilitation work needed for optimal functioning is expensive. The basic equation in the process of erosion in rills and interrill is the sediment continuity equation for unsteady flow with little depth (Foster, 1982 
The shear stress along the boundaries of the flow, leads to incision of the walls of a channel as long as such efforts exceed the tractive force or critical shear stress. The detachment of soil particles wetted perimeter can be well described by:
where D is the detachment of soil in a wet perimeter point [ML -2 T -1 ], K the soil erodibility factor [L -1 T], s  the hydraulic shear stress acting on a surface wetting perimeter [ML -1 T -2 ], c  the critical shear stress [ML -1 T -2 ] and  has a value of 1.05.
Soil detachment in the rills due to incision is proportional to excess shear stress with respect to its critical value, ie  takes the value of 1.0, and K = K r , called erodibility factor in the rill [L -1 T], this is (Foster, 1982) :
where D r is the detachment of soil in the furrow [ML -2 T -1 ], ie the mass of loosened soil in unit time per unit area,  the hydraulic shear stress in the rill bed [ML -1 T -2 ], c  the critical shear stress ensures that the soil particles are detached [ML -1 T -2 ]. Soil resistance to shear forces of flowing water is called the critical shear stress ( c  ), or also tractive force, this value is the value of the regression line when it crosses the x-axis, ie when soil detachment begins by concentrated flow effect. For cohesionless soils, the Shields diagram is the method used to describe the tractive force of the individual particles. According to Alberts et al. (1989) for cohesive sediment, the individual grains of sediment lie and remain in the background because of their own weight and resist horizontal movement due to friction with the adjacent grains. Therefore, the stabilizing force is associated with the submerged weight of individual grains. Whereas from a critical shear stress, the sediment may start to move, the Shields parameter is an expression that denotes the situation where the sediment is about movement, where the drag force equals the friction velocity. The sediment starts to move when the cutting speed of flow is greater than the critical shear rate. For non cohesive materials, the critical shear stress has been associated with many soil properties, including the cutting force, salinity and moisture content (Alberts et al., 1989) , and the percentage of clay, the average particle size, percentage of dispersion, organic matter content, cation exchange capacity, ratio of calcium -sodium and plasticity index (Prosser & Rustomji, 2000) . The typical range of critical efforts to cut agricultural soils is 1 to 3 Pa; however, Foster & Meyer (1975) recommended an average of 2.4 Pa. On the other hand, Alberts et al. (1989) developed a regression equation using an extension of the Water Erosion Prediction Project (WEPP model) with field data and found that the critical shear stress for agricultural soils can be estimated based on: the fine fraction of sand, fraction calcium carbonate, sodium adsorption ratio, specific surface area, clay fraction dispersed in water and clay fraction.
In agricultural soils with a clay fraction larger than 0.30 mm, Alberts et al. (1989) found that the tractive force of the soil can be predicted from the volumetric water content. Other relationships have been developed from data obtained from the WEPP model and the results are different from the original relationship. Conceptually, the critical shear stress total of flow in a channel can be divided into two components: the roughness of the grain and form roughness (Graf, 1971) . The effort hydraulic roughness of the grains is responsible for erosion and sediment transport. The total soil hydraulic effort is a combination of grain roughness and form, however, the form roughness is larger than the roughness of the grains; therefore, in the case of detachment in a channel it is necessary to know the stress distribution along the borders, ie the stress on the bed  channel for uniform flow as given by: Because the shear stress distribution in the bed of the rill is not uniform, use of an average value thereof, which is considered as a potential detachment, but this can result in significant errors in the estimation of c  (Foster , 1982) .
Application
The experimental work was developed in the hydrological module of the Faculty of Engineering of the Universidad Autonoma de Queretaro. PVC pipe class 14 of 30 cm in diameter was used and cut in half to form the simulated rill. The dimensions of the circular channel half-circle formed were: 0.30 m wide x 0.25 m deep at the center and 6 m in length, which was settled the soil at depth of 0.20 m at the center, with a bulk density similar to that observed in the field. Given the channel slope was 3%, the same as was achieved by three supports placed at the ends of the channel and in the center of it, see Figure 2 (Chávez, 2007) . The soil used, according to the FAO-UNESCO classification (1988), is a Pelic Vertisol representative of the study area.
The inflow water was provided to the system by a constant head tank of 60 liters, placed 2 m above the reference level, and water was supplied by a ¾ HP pump connected to a tank with capacity of 1000 liters. Inflow water in the furrow was regulated by a butterfly valve and measured by a flow meter, see Figure 3 . The initial flow was 75 l h -1 , the second flow was 100 l h -1 , then further increases were 50 l h -1 until the maximum flow of 250 l h -1 was reached. 
Treatments applied
Three treatments of PAM were applied on the soil at rate of 20 kg ha -1 : PAM applied as a granular, diluted PAM and injected into the inflow and diluted PAM and sprayed on the furrow bed, which were compared with measurements made in a furrow without a PAM application.
Measurement of variables
For the analysis of soil detachment D r , critical shear stress c  and the shear stress  were measured flow parameters such as speed and width of the water surface, which serves to identify areas of flow, wetted perimeter, hydraulic radius, and other parameters needed to determine the amount of detachment and forces acting on the rill. Plastic bottles was placed at the end of the rill in order to collect the runoff and sediment samples for laboratory evaluation. The velocity and width water surface parameters were measured three times directly into the rill at points a, b and c, see Figure 2 , and for calculations the averages in each of flow quantified were used. The boundaries of these three sections correspond to specific sites where measurements of water velocity (v 1 and v 2 ) were made. In this research it was assumed that the channel is rectangular shape, based on the progressive erosion of the flow before reaching a non-erodible soil layer takes this form (Lane & Foster, 1983) . The calculation of flow depth was from the continuity equation:
Q=Av, where Q is the flow and v the flow velocity in the channel. Considering that the area is given by A=bh, where b is the channel width and h the head, and it will have h=Q/bv. The speed is obtained as the average
. These data were used in the calculation of shear according to equation (5).
Calculation of the detachment rate Dr and critical shear stress c 
The calculation of the detachment rate D r , was made with the amount of sediment collected in the containers for each of the measurements made in the different treatments, at a time and a rill area known as (gm -2 s -1 ). The calculation of shear stress [Pa] was made using equation (5), where specific weight 9879 w   Nm -2 , was taken assuming a constant temperature 20°C.
Measurement of erosion
The runoff and sediment samples were taken once the inflow was stable, using plastic bottles wide necked of a one liter capacity. The collected samples were weighed, flocculated with 10 ml of a saturated solution of aluminum sulfate, decanted and dried in an oven at 105 °C to constant weight. Table 1 shows the values of parameters obtained by fitting the experimental data of detachment and shear stress by the method of least squares of equation (4), ie: erodibility factor in the furrow K r , the critical shear stress c  , the coefficient of determination r 2 , and the value of the soil detachment rate in the furrow D r with maximum flow of 250 l h -1 .
Results

Detachment rate
The furrow detachment rate D r obtained for the control was 6.9 gm -2 s -1 , but this value was significantly reduced in 67.6% with PAM applied in granular form to register a detachment of 2.3 gm -2 s -1 . This reduction was more pronounced when the polymer was applied diluted and injected into the inflow which is a common practice carried out in irrigation and sprayed on the soil; therefore, obtaining a reduction of 85.1% and 96.2% respectively, which is similar to results obtained by Lentz et al. (2001) . (*Maximum flow 250 l h -1 ).
The reduction in soil detachment is due to the length of the chain anionic PAM presented, which when in contact with the negative charges of clays binds to it forming stronger bonds, providing greater resistance to soil evolution (Lentz, 2003) . Consequently, when irrigation water comes in contact with the soil, and the PAM has been diluted and previously applied it has already reacted to the soil by providing greater cohesion, otherwise, the polymer applied granular form, which interacts with soil particles until it is dissolved with water. Erosion data obtained from the furrow are represented in Figure 4 with a linear fit, where the reference furrow recorded an erosion rate of 0.30 g l -1 with initial flow and increasing the flow rate 100 l h -1 increased the release to 18.30 g l -1 , whereas with 150 l h -1 the increase was only 5.7 g l -1 , an increase of 150 l h -1 at 200 l h -1 had a low impact on the rate of sediment (6.3 g l -1 ), and with a flow of 250 l h -1 there was an increase of 16.3 g l -1 as compared to the previous test. Soil detachment began treatment with the granular PAM with a flow of 150 l h -1 and an erosion rate of 0.4 gl -1 . With the same flow, this initiates the release with the injected PAM in the inflow, but reported only 0.1 g l -1 , while with the sprayed PAM on the soil there was no detachment. An important difference was observed in the behavior of D r . The values were approximately 1 which are very similar in the furrow control applying a flow of 100 l h -1 and the furrow treated with injected PAM in the inflow applying a flow of 250 l h -1 , while values of D r for treatments with the sprayed PAM on the soil are still below these values. The critical shear stress, defined as the point from which particles star to detach and transport the soil, present significant differences using a significance level  of 0.05 in student t-test between the control and treatments (p < 0.0001). Therefore, to control the critical shear stress by 0.65 Pa was obtained, whereas treatment with granular PAM is 1.12 Pa, which means that the application of PAM increases the soil resistance to erosion in furrows to increase the value of c  . This increase was less pronounced in treatment with injected PAM in the inflow, with 1.11 Pa the critical shear stress; however, the furrow treated with sprayed PAM on the soil had a greater effect recorded value of 1.39 Pa. This increase is approximately double that of the strength of soil resistance to detachment caused by concentrated flows into the furrows with respect to the control treatment. The detachment rate with the inflow of 250 l h -1 can be seen in Figure 5 . 
Rill erodibility factor Kr
The erodibility factor K r decreases by 50% as compared to the control as a result of the addition of PAM to soil in granular form. This change is associated with the PAM changes the physical and chemical properties of soil, with greater cohesive strength of particles and improving the stability of the aggregates. However, the soil response to the application of PAM is different in each treatment. Considering only the three forms of implementation of PAM shows that the average value of K r for granular application is 2.11 m s -1 , this decreases to 1.26 m s -1 and 0.75 m s -1 with sprayed PAM on the soil and injected in the inflow, respectively, see Figure 6 . Therefore, the regression slope indicates that the application of polymer sprayed on the soil, is the most efficient way to control erosion. The data ( , D r ) were fitted to a straight line, but it is possible that the erodibility factor itself depends on the shear stress at the furrow bed. Consequently, the data also were fitted with equation (3). Equations (3) and (4) (*Maximum flow 250 l h -1 ).
Sediment loss
Sediment loss as shown in Figures 8 and 9 , where the difference between the control furrow with respect to the furrows treated with PAM is significant. For a flow of 100 l h -1 , the control furrow lost about 20 g per liter of water passing through the furrow, while the PAMtreated furrows have no losses. The same figures show that with an inflow of 200 l h -1 the furrow treated with sprayed PAM has a sediment concentration of only approximately 0.20 g l -1 , injected PAM 1.80 g l -1 while the injected PAM and sprayed PAM lost 3.10 g l -1 , as compared with the reference furrow loses on average 30.8 g l -1 , for an efficiency of 90-99% in the control of erosion. Orts et al., (2000) obtained a 97% reduction in soil erosion by applying PAM; however, the flow rate used was 23 l h -1 . On the other hand, with flow of 250 l h -1 the control furrow lost about 45 g l -1 while the furrows treated with granular PAM saw loses 9 g l -1 , and sprayed PAM on the soil saw loses of less than 5 g l -1 . Therefore, reducing sediment loss is 80-94%. The efficiency of PAM decreased, but due to the lack of measurement with higher flow rates to 250 l h -1 , one can not infer that this decrease is progressive. It would be necessary to carry out investigations to see if the trend is the same.
Conclusion
The application of polyacrylamide to the soil in any of the forms of application helps to reduce the detachment of soil particles caused by the hydraulic efforts and the critical shear stress. However, liquid application is more effective in controlling erosion.
With the PAM implementation the sediment loss in the control furrow (45 g l -1 ) was reduced to 10, 5 and 0.2 g l -1 with applications of granular PAM, diluted and injected in the inflow, and diluted and sprayed on the soil, respectively. This is because the PAM provided the cohesion between soil particles, increasing by more than one order of magnitude resistance to detachment. The values of critical shear stress and rill erodibility factor are different between the linear model and potential model; however, the linear model over estimates the value of critical shear stress of control treatment, and for treatments with PAM, this value is sub estimate except with the PAM sprayed treatment. The furrow erodability factor obtained with the model potential is not constant; however, there is a need to experiment with higher flow rates than those applied in this experiment to see if the trend continues or there is a change. Finally, the properties of the soil type and amount of clay, type of ions in solution and the ionic strength of soil solution, and the pH affect the efficiency of polyacrylamide to control soil erosion. Therefore, if in addition to applying the polymer, combined with other soil conservation practices, the results obtained will be better.
